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Abstract. The Ulysses mission provides an opportunity to study
the cvohrtion of magnetohydrodynarnic  (MH D) turbulence in
pure high-speed solar wind streams. The absence at high
heliocentric latitudes of the strong shears in solar wind velocity
generally present near the heliocentric current sheet allows
investigation of how fluctuations in the magnetic field and plasma
relax and CVOIVC in the radially expanding solar wind. We rcpor~
here results of an analysis of the radial and latitudinal varialion of
the turbulence properties of the fluctuations, especially various
plasma-field correlations, in high latitude regions. The results
constrain current theories of the evolution of MFi D turbulence in
the solar wind. Compared to similar observations at 0.3 AU by
Hclios, wc find speetra  that we similar in having a large frequency
band with an ~-1 power spectrum in the outward traveling
component of the waves, followed at higher frequencies (larger
wave numbers) by a steeper spectrum. Ulysses observations
establish that at high latitudes the turbulence is ICSS evolved tharl
it is in the ecliptic at the same heliocentric distance and this appears
to bc due to the absence of strong velocity shear. Once Ulysses is
in the prsl ar coronal hole, properties of the turbulence appear to bc
dctcrmincd by the heliocentric distance of the spacecraft rather
than by its hclio-latitude.

Introduction

Studies of the solar wind during the past two decades have
revcakd  a dynamic and turbulent mccliurn containing hot pl asrna
with twisted magnetic fields [for recent reviews, sec 7’u and kfarsch,
1995; Gokfsteirr et al, 1995a,b]. Understanding how energetic par-
ticles propagate through these turbulent magnetic ticlds, requires a
description of both the large-scale structure of the solar wind nlag -
nctic field and the three-dimcmional characteristics of the fluctuat-
ing magnetic and velocity fields.

It is now clear that the fluctuating solar wind rnagnctic and
velocity ticlds arc dc~ermincd in Iargc part by two competing influ-
ences, namely, the initial conditions in the solar atmosphere and
corona, and the physics controlling the subsequent dynamical evo-
lution in the hcliosphcrc. Conditiom in the solar corona are known
[Roberfs et al., 1992] to be the source of the outward propagating
Alfv&ric fluctuations observed in the solar wind [Belcher and Davis,
197 1]. It is also clear [Rober/s et al., 1992] that, at Icast near the
ecliptic plane, turbulent evolution is driven by velocity shear aris-



ing either flom the interaction of fast and slow solar wind streams
or by the striated structure of t.h solw atmosphere [Woo, 1995;
Woo and Goldstein, 1994].

Detailed anafyscs of plasma and magnetic ticld data from
the Hclios and Voyager spacecraft, especially near solar mininlrrm.
suggest that in the absence of strong velocity gradients, the evolu-
tion of solar wind turbulence is slowed: the degree of AlfvLrlicity
of the ftuctuatiom  as dctcrminwf  by the correlation bctwccu the
fluctuating magnetic and velocity fields (the cross helicity) decreases
rapidly with distarrcc when velocity gradients are large [ffawzwmo
and flr~n~, 1989; Roberfs e( uf., 1987a], but can rcrnain quite large
when velocity gradients arc small, even out to 8 or 9 AU [Robcr/s
et al., 1987 b]. Another indicator of turbulent evolution is that the
~) spcctnun which characterizes much of the power spectrum of
rnagnctic flcld fluctuations in the irmcr hcliosphcre at low frequen-
cies extends to higher frcqucncics  at larger heliocentric distarlccs
when velocity shears are small [Robem  et al., 1991; 1992]. Con-
vcrscl y, when 1 argc velocity shears are pre.sent, an inertial range
s~cmtrn of the turbulcncc, characterized by a well-dcfind~ ‘n
power spcctrurn, begins at relatively low fycqucncics ancl extends
over several dccadcs in fvxprency.

These analyses have produced a picture of solar wind turbu-
lence which can bc tested and refined using data from the unique
out of the ecliptic orbit of the Ulysses spacecraft. In addition, sev-
eral predictions and expectations concerning the natuTe of the solar
wind out of the cdiptic  have been described in the literature [Jokipii
and K6fa, 1989; Roberfs 1990; Goldstein et al. 1995a, b]. In t}lis
lct[cr WC report rcstrlts of an analysis of the radial and latitudi],al
variation of the turbulence properties of the solar wind at high lati-
tudes, and compare the results knth with Helios data and with pr c-
vious expectations.

Analyses
In this analysis we used a corrjclint plasma-magnetic data set

at 4 minute resolution. Thc magnetic field, which is generally avail-
able at significantly higher tirnc resolution than is the plasma data,
was sampled at the time of the plasma mcasrrrcment.  The plasrrla
data inchrdcd the proton and afpha particle densities, Ihc proton
velocity, and the Alfv6n speed cornputcd including the mcmurcd
temperature arrisotropies. The intervafs we chose were charactcl -
ized by relatively steady conditions (Vw = 783 and 754 fcrrr/s for the
high latitude (2 AU and 4 AU) intervals, rcspcctive]y) and small
velocity gradients. The first intervaf was DOY 299–312, 1993 af-
ter Ulysses had encountered the last evidence of corotating streant
intcractiorw on its way to high southern latitudes, The spacecraft
was near 4 AU and close [o -40° southcm latitude. Thc second
interval (DOY 229-292, 1993) was during the maximum sotrthcrri
latitude pass. For comparison with in.ecliptic data that was simi-
larly steady, wc used Hclios data obtained in 1978 when that space-
craft was near 0.3 AU.

The data were digitally filtered and decimated to 8 minute
time resolution to rcrnove the eflects of aliasing apparcrrt in the 4
minute data, ‘f’hc magnetic ticld data were then converted to Alfv&r
s~cd units using the local measurements of the solar wind density
corrected for 5% alpha-particles by number, power spcc tra were
computed using fast Fourier transforms.

When dealing with highly Alfv&ric turbulerrcc,  it is useful to
replace the magnetic field and velocity vectors by the Elsitsscr van-



ablcs defined by Z* = h k &r [Elsti.rscr,  1950; 1956], where z+ and
z- refer to waves propagating “outward” and “inward” with rcspcc[
to the average magnetic field 110  and & and & arc the fluctuating
velocity and magrrctic (in Alfv&r  speed uni~s)  fields, respectively.

The advantage of using these variables is that for nondissipativc
and incompressible magnetofluids they are exact solutions of the
MHD  equations, Flccaosc the Rcyrrolds  number of the solar wind
is a very high and because the wind often behaves quasi-incom-
prcssibly, the Elsasser formalism shows the extent to which ini --.
~ally outward propagating Alfw% waves couple to inward propa-
gating fluctuations and other nonAIfv6nic disturbances.

Results of the Analyses
In Figure 1a-c wc show power spxtra of the Elsiisscr vari-

ables during the two Ulysses time periods analyzed and the interval
of Hclios data. In all cases, the power in the outward propagating
AlfvLnic fluctuations, the z+-power, is the uppc.r  curve and the in-
ward propagating Al fv6nic fluctuations, the z–-power, is the lower
curve. The Hclios spcch’um  was constructed from onc hour aver-
ages of the magnetic field and velocity data and, therefore, only
extends to just above 10-4 }17.  in contrast to the two Ulysses spectra
which were comrructcd  from 8 minute rcsohrtion data.

The UlysScs  high latitude interval and the Hclios interval
both have much higher Al fvinicity than does the 4 AU interval; i.e.
the power in z+ greatly cxcccds that in z- over much of the frc-
qtrcncy range. In addition, at low frequencies, the Hclios spectra
arc flat to very high frcqucncics (> 10-3 Hz), the 2 AU Ulysses spec-
trum to considerably lower frequency, and the 4 AU spectrum to
even somewhat lower frequency (also SCC, /Iorbury et al. [ 1995 a,b].
Onc should also note that in the vicinity of 10q  H7., the amplilude
of the high latitude z+ spectrum at -2 AU of is -2 tirncs higher than
at 4 AU. This is the ratio cxpcctcd if the fluctuation obey a “WKB”
scaling (SCC, for example, fIeinemonn and Olberf [1980] and Rob-
erfs [1990]). Similarly, the Hclios z+ spectrum is approximately 6
times higher than the 2AU spectrum over the whole frcqtrcncy  range
shown in Figure 1 c, which again rcfle.cts a “WKI1-like” scaling
(6112/p. cc r-3/r-2). Note however that work in progress by Balogh
et al. investigating radial depcndcnccs of fhsctuations appears to be
finding a radial variation more like a qumi-static solution.

Other interesting aspects of the differences in Alfv6nicity
between the 2 AU and 4 AU daia can be seen by plotting the nor-
rnalimd cross helicily defined by crc = 2 /IJE, where lIC = 1/2
cr$v &> and E is the magnetic plus kinetic energy. In Figtn es 2a
and b we show crc(k) for those two intervals. In addition to CSc(.f),
the plots include crcti and OCL(/), calculatti from the radial and
transverse components of E and tic. Note that at 2 AU, Oc(/) is
very close to unity (rnorc Alfv6nic).  of particular interest is the
fact that the low values of csC(/) below 10-”6  H7 rcficct  drc sharp
decline in ac~. The transverse components &l and &l are. still
highly correlated, suggesting that quasi-planar Alfv6nic fluctuations
still dominate below 10-6 

H7,.  Because Alfv6nic fluctuations are
not expected to propagate at such low frcqtrencics, it is possible
that spacecraft motion across field lines in the corotating f] amc is
aliasing high frequency Al fv&ric fluctuations into the observed time
series at lower frequencies. Note that the high Alfv6nicity  at large
scales implies that the convcrgcncc of z+ and z- spectra at low fre-
quencies is duc entirely to variatiom  in the radial velocity samplecl
as Ulysses crosses field Iincs. By 4 AU dvl  and ml arc relatively



uncorrclatcd. In fact, there is a general decay in Alfv6nicity with
distance across the entire frequency band.

Another quantity from which turbulcn! evolution can be dc-
duccd is the spectrum of the Alfv&r  ratio, dclincd as the ratio rA
between kinetic energy and magrrctic energy. The impurlancc  of
this quan[ity arises from the Alfv4n cffec[ first dcscribcd by Kra-
ickrn [1965]. Kraichnan’s prediction was that rhc magnetic allci
kinetic energy (per unit wave number) in an incompressible turb~-
lcnt rnagnctofluid  should bc equal, on average, in the inertial range.
As shown in Figure 3, r* is approximately 1/2 for both the 2 and 4
AU intervals. As wc discuss below, the Alfv&]  ratio as measured in
the solar wind is rarely found equal to 1 as prcdictcd. The cxphrntr-
tion for this discrepancy is not known. The cmrnponent  energy ra-
tios p~ottcd in Figure 3 also show that rA~ rcrnains -1/2 back to
below 10-6 H7. comis[cnt  with tic high Al fv6nicity of C5vl  and &l
at those scales.

Discussion and Conclusions
The most obvious characteristic of the power spectra of the

high latitude U1ysscs data is the relatively slow turbulent evolution
evident, especially wbcn compared with in-ecliptic observations at
comparable radiaf distances, Whereas by 2 AU in the cclip[ic the
cross hclicity gcncra]ly shows a significant reduction from its high-
est values [Rober/s ef af. 1987&b], the values measured by Ulysses
arc of order 0.8 (compare Figure 2a). That a significant percentage
of the fluctuations bctwccn 10-5-10 -3 Hz arc outward propagating
and highly Alfv&ric, is also evident from Figure lb. The low fTe-
qucncy rcsulm for acl(f) and rAl(f)  shown in Figures 2 and 3, sug-
gest that longitudinal sampling of Alfv&ric fluctuations as Ulysses
crosses field lines may account for the apparent presence of such
fluctuations at frequencies WCII  below the rcgirnc in which rhcy arc
thought to propagate. By 4 AU, however, the Alfv&ricity of the
transverse fluctuations in the 10-6–10 -5 Hz band has decrca.scd
markcd]y, indicating the possibility of dynamical evolution.

Another indication of the slow rate of turbulent evolution in
tic high latitude Ulysses data is that [her 1 portion of the spec-
trum, which dominates the low wave ntrmlwr,  large spatial scales,
extends to rcIativcly  high frequencies (-10-4 Hz) (Figure 1 b),
whereas, in the ecliptic near 1 AU, the flat~] spectrum ends closer
[O 10-5 H7. [Mofkreus  d  Golds/ein, 1982b], except in the most
Al fv&nic regions. The frequency at which the spectral breakpoint
changes fromy- 1 at low frequencies to theJ-’~ in the inertial range
moves [o progressively lower frcqtrcncics with increasing hclio
centric distance [see also florbury  et al., 1995c].  This evolution is
rapid in the imcr hcliosphcre, as can bc semr most clearly in Helirrs
data [Bavawano  ef al., 1982]. Beyond 1 AU the evolution in the
brcahToint is much slower and lCSS obvious [Rurfaga and Gold-
stein, 1984; Goldstein ct al., 1984; Klein et cd., 1992].

Evidence for turbulent evolution by 2 AU is found in the
spec~al evolution seen in Figure 1, Also, highly Alfvtnic  Hclios
data do show rA~ = 1 near 0.3 AU, bor rA(f) = 0.5 by 1 AU [Gokf-
stein et al., 1995a], suggesting evolution from a nearly
cquipartitioned state to onc in which n~agnctic  energy dominates.
As no~cd above, the theorc[ical  cxpcc[ation  is for r*(/) = 1,
Equipartition has been reported in two-dimensional simulations
[Fy~c and  Mon/gornery, 1976], but solar wind observations most
often show average vahrcs of rA(/) in the inertial range close LO 0.5
[Roberts et cd., 1987a,b; 1990; 199Z Mrrfthueus  et al. 1982a; Rob-



erfs, 1992]. IIowcvcr, Goldstein er al. [1995c] have strggcsmd that
the pressure anisotropy of pickup ions may act in some circum-
stances to rducc rA.

Comparison of the intensities of the power spectra in Fig-
ure 1 at 0.3 (} Iclios) and Ulysses at 2 and 4 AU suggests that the
scaling of the Z+ rtmplitudcs with distance satisfies WKB-scaling
at 10-6 H77 i.e., the power is cxpectcd to dccrcw,e as I/r [ffeirrernann
arrd Olberl, 1980] for magnetic field in AlfvLn  speed units. The
observed change in power bctwccn 2. and 4 Al_J is approximately a
factor of 2. While this dependence is generally expcctcd in the
inertial range, ~okipii arrd Kofa [1989], noting that the polar mag,-
nctic iiclds would be radial, prcdictcd no fall-off with radial dis-
tance of II (in Alfv&r speed units). Roberfs [1990] argued that the
effects of turbulence would cause the varia~ion  with distance to
follow the WKI1-scaling.  The linear scaling argument of ~okipii
and K6fa [1989], when app]icd to velocity fluctuations, predicts
that rA would approach O as l/r2  (p&2  = l/r4), which is not ob-
served. It must bc noted, however, that ~okipii et al. [1995] have.
analyzed the variation in the variance of the rnagnctic field over
the range 1.5-4 AU and concluded that the variation fits their ex-
pectations.  The addition of data from 1.5-2 AU, which is not
included here, contributes significantly to their conclusions. Work
in progress by Balogh CL al. on the radial dcpcndcncc  of the low
frequency fluctuations finds a low fre.qucncy  variation for the vari-
ance of roughly r-22 (prcliminwy  results) at frequencies of about
3 10 ‘6 H7, (i.e., slower dccrcase  than WKf3-like). Furthermore,
the variations of and correlations with velocity were not riddrcssed
in these works. The apparent difference in radial variation at low
frequencies bctwccn our rcsuhs  and those just quoted requires fur-
ther investigation.

Wc conchrdc that the observed evolution of the magnetic and
velocity fields between 2 and 4 AU at high ]atitudcs appears consis-
tent with previous expectations derived from in-ecliptic studies and
from numerical simulations [Rober(s, 1990; Roberts ef id., 1991;
1992]. The cvohrtion of the turbulence is lC.SS evolved than at cor-
responding distances in the ecliptic duc to the abscncc of large-
scalc velocity gradients. llc low frequency results (f< 10-5 Hz)
may b duc to sampling of features in longituclc, and the extent to
which spatial versus ten]poraJ  fltrctuatiom  contribute to this fre-
quency regime needs further investigation.
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